Introduction
Expansive clayey soil has problematic properties. Many additives have been used to stabilize the clayey soil. Lime is considered the oldest stabiliser for clayey soil [1] . Three forms of lime have widely been used: quicklime (calcium oxide -CaO), hydrated lime (calcium hydroxide -Ca(OH) 2 ) and hydrated lime slurry [2] . Many researchers reported the positive combined effect of adding lime and mineral admixtures on the stabilization of expansive clayey soil [3] [4] [5] [6] . In the study of Al-Swaidani et al. [6] , lime and natural pozzolan were added to soil within the range of 0%-8% and 0%-20%, respectively. Their test results revealed that the plasticity index (PI) decreased from 29% to 3% when 8% lime and 20% natural pozzolan were added to the investigated clayey soil. This improvement moved the soil class from CH to ML, which rendered the soil satisfactory for most construction purposes. In addition, adding the same combination has reduced the linear shrinkage index from 16% to less than 4.2%, which may be considered non-problematic [6] .
In Syria, a wide area is covered by clayey soils. They occupy an area of about 12% of the country [6] . They cause serious damage to infrastructure. Therefore, there will be a growing need for stabilized clayey soil in the future, particularly in the reconstruction stage in Syria. The paper recently published by the same authors [6] was the motivation for this work.
EN197-1:2000 [7] describes natural calcined pozzolans as materials of volcanic origin, clays, shales or sedimentary rocks, activated by thermal treatment, and shall conform the properties of pozzolanic materials. Calcined clay has widely been used as cement replacement [8] [9] [10] [11] [12] . However, the authors believe that very little work or even no detailed work on using calcined clay as a soil stabilizing agent were found in the literature.
This paper aims to study the effect of adding thermally treated clay on the properties of the natural soil when added at three replacement levels: 0%, 10% and 20%. Atterberg limits, compaction, free swell, swelling pressure and linear shrinkage have particularly been investigated. In all, 6% lime content was added to each of the prepared clayey mixes to investigate the combined effect of lime and calcined clay on the studied properties. The X-ray diffractometer (XRD) technique was used to identify the modification of clay structure caused by the thermal treatment. The study can be useful for other areas of similar geology such as Harrat Al-Shaam, which covers parts of KSA, Jordan and Syria. Furthermore, the study is of a great importance in the rebuilding stage in Syria.
Materials and methods

Materials
Natural clayey soil
Three different soil samples obtained from three different sites in the south of Syria were investigated. Table 1 lists some basic properties of the studied clay samples.
Lime
Quick lime quarried from Hama Governance was used in the experiments. It was calcined at 950°C. Some physical properties with chemical composition of lime are shown in Table 2 .
Thermally treated clay
The extracted soil samples were thermally treated at three different temperatures: 450°C, 650°C and 850°C, respectively, for 3 hours.
Clay mixtures
Eighteen clay mixtures were prepared (six for each clay soil). Table 3 shows the mixture ingredient contents in percentage. The mixtures were designated according to the replacement level. For instance, CC20L6 and CC10L0 refer to clay mixture containing 20% thermally treated clay and 6% lime and 20% thermally treated clay and 0% lime, respectively. All replacement levels were made by mass on a dry basis.
Methods
A series of laboratory tests has been conducted on the investigated clayey soils. It can be summarized as follows: i) XRD analysis: This technique was used to explore the different phases in the treated clayey soils. The absence of a peak in the diagram is considered as an evidence that the modification into glassy phase or melting took place. SATOE STADI XRD using CuKa radiation, operated at 40 KV and 30 mA with a scan mode ranging from 5° to 70°(, and a scan speed of 2°/ min was were employed used in this analysis ii) Measurement of the pozzolanic activity of the thermally treated clayey samples: The pozzolanic activity was determined by two techniques: a) The first technique used was the modified Chapelle test (Figure 1 ). This test was carried out in accordance with NF P18-513 [14] . b) The second one used was the mechanical test method, which was carried out on cubic mortar samples prepared by mixing the treated clay with lime and standard sand ( Figure 2 ). These samples were tested after three different curing times, i.e. 2, 7 and 28 days, respectively. iii) Atterberg limits (liquidity limit (LL), plasticity limit and PI) were measured in accordance with ASTM D4318 [15] . The test was carried out at room temperature. iv) Maximum dry unit weight (g dmax ) and optimum water content (W opt ) of the investigated soils were determined using a standard proctor compaction test conducted in accordance with ASTM D698 [16] . The mixtures were prepared by mixing the air-dried clayey soil samples with different percentages of thermally treated clay and 6% lime. Distilled water was used in the mixtures. The soil mixtures, with or without additives, were thoroughly mixed for 1 h prior to compaction. v) Free swelling and swelling pressure of the soil mixtures were measured using the oedometer device in accordance with ASTM D4645 [17] and ASTM D2435 [18] . The samples were compacted in the ring of the oedometer device according to the maximum dry unit weight (g dmax ) and optimum water content (W opt ) obtained from the standard proctor compaction test. vi) Linear shrinkage was determined using the bar linear shrinkage test conducted in accordance with BS 1377 [19] . A quantity of about 150 g of the soil sample passing No. 40 sieve was mixed with distilled water, approximately 2% above the LL of each soil mixture The thoroughly mixed soil water paste was placed in the shrinkage mould and then gently jarred to remove any air pockets in the paste. Drying mould first started at a temperature of about 60°C-65°C until shrinkage has largely ceased and then was completed at 105°C-110°C. The linear shrinkage index (L SI ) of the soil was calculated using the following formula [6] :
where L avg is the average length of the oven-dry sample (mm) and L O is the original length of brass mould (mm).
Results and discussion
XRD analysis
The results of XRD analysis for the investigated three soils before and after the thermal treatment are illustrated in Figures 3-5. As clearly shown in Figures  3-5 , the investigated soils consist of clay and non-clay minerals. The main clay minerals were kaolinite, illite and montmorillonite. Quartz, feldspar and calcite as non-clay minerals were detected as well. The thermal treatment up to 450°C did not show any appreciable change in the mineralogy phases where the minerals retain their crystal phases. At temperature 650°C, peaks representing kaolinite and illite started to decay and so did the peak of montmorillonite but at a lower rate. All peaks of clay minerals approximately disappeared when the investigated soils were heated up to 850°C. Only peaks of non-clay minerals still exist. This gradual change in the peaks representing clay minerals is an evidence of the transition to the amorphous phase that took place due to the thermal treatment. It is to be noted that the soil (S1) had the highest amorphous phase, so it was a candidate to have the highest pozzolanic activity.
Pozzolanic activity 3.2.1 Modified Chapelle test
The principle of this test depends on determination of the amount of calcium hydroxide Ca(OH) 2 that can be fixed by the thermally treated clay. The amount of CH fixed by the thermally treated clay can be calculated using the following formula:
( ) 
where V 1 is the volume of HCl needed to react with CH (without thermally treated clay) and V 2 is the volume of HCl needed to react with CH (with thermally treated clay). French Standard [14] requires the amount of 700 mg as a minimum level to consider the pozzolanic activity of the tested material acceptable. Figure 6 shows the results of the modified Chapelle test for all the investigated clayey soil before and after the thermal treatment. As shown in Figure 6 , the soil (S1), which demonstrated the highest amorphous phase in the XRD analysis, gave the highest number of pozzolanic activity (745 mg) when heated up to 850°C. This value exceeded the acceptable limit (700 mg) specified by NF P18-513 [14] . The clayey soils S2 and S3 even when heated up to 850°C had values of relatively lower than 700 mg. As the strength required for soil application is relatively lower than that for structural concrete, the obtained pozzolanic activity numbers can be considered satisfactory.
Compressive strength test method
Results of compressive strength test conducted on cubic mortar samples are presented in Table 4 . The cubic mortar sample was prepared by mixing clay thermally treated at 850°C for 3 hours with lime and standard sand. They were tested after curing for 2, 7 and 28 days. The results revealed the development of strength over time. This strength development can be attributed to the pozzolanic reaction between the glassy phase in the thermally treated clay and the lime. This reaction leads to formation of cementitious phases [6] . The strength development gives an evidence on the efficiency of thermal treatment of the three soil samples. It is worthwhile to mention that the results of the compressive strength test had a trend similar to that of modified Chapelle test. For instance, soil (S1) exhibited -when thermally treated at 850°C for 3 hours -the best number of pozzolanic activity and the highest compressive strength. Soil S2, by contrast, had the lowest number of pozzolanic activity and the lowest compressive strength when thermally treated at the same temperature. Table 5 presents the results of PI of the clay soil mixtures. The decrease in PI values indicates the improvement of soil workability. As shown in Table 5 , the three soils showed a significant decrease in PI when the lime was added by 6%. A similar behaviour was reported in the literature for soils with the same classification [4, 6] . This improvement could be attributed to the flocculation and aggregation of colloidal clay particle when the lime was added. The addition of thermally treated clay enhances the workability as a result of a reduction in the plasticity of the soils. The addition of thermally treated clay to the three soils had reduced the PI by about 30% and 50% when added at percentages of 10% and 20%, respectively. However, the combination of 20% thermally treated clay and 6% lime exhibited the highest influence when the PI is concerned.
Atterberg limits
Compaction test results
The compaction test was used to evaluate the effect of adding thermally treated clay on W opt and g dmax of the investigated clay soils. Table 6 presents the effect of adding thermally treated clay, lime and their combinations on the compaction properties of the studied soils. It can be clearly seen that adding lime alone to the three soils decreased g dmax and increased W opt . This can be attributed to the lower specific gravity of lime and the higher water retention property of lime, when compared with those of soils [6] . Adding thermally treated clay alone caused a decrease in W opt and an increase in g dmax with the increase in thermally treated clay content. This can be due to the lower affinity to water and the higher specific gravity of thermally treated clay when compared to those of the natural soil. The combination of lime and thermally treated clay kept the values of the optimum water content W opt and the maximum dry unit weight g dmax around their values in the initial soils as shown in Table 6 .
Free swelling and swelling pressure
Generally, swelling potential has been used to describe the ability of a soil to swell, in terms of volume change or the pressure required to prevent swelling [20] . In the oedometer device, the swelling occurs in one dimension due to the confining effect in the device ring. Free swell is defined as the percentage increase in height in relation to the original height, while swelling pressure represents the pressure required to prevent swelling.
The results of free swelling and swelling pressure are illustrated in Table 7 . The untreated soils showed the higher values of free swelling and swelling pressure. They ranged from (8.4%) to (10.6%) after 96 hours. This free swelling was restricted, and the swelling pressure was reduced when 10% and 20% thermally treated clay were added to the soil mixture. Further restriction and pressure reduction were observed when 6% lime was added to the soil mixtures. The best result was obtained when thermally treated clay and lime were added at 20% and 6%, respectively.
Linear shrinkage index
Linear shrinkage index can be defined as the ratio of decrease in linear dimension of a sample to its initial dimension, eq (1). It is expressed in (%) and is given by the nearest whole number [21] . The linear shrinkage test was conducted on elongated clayey soil samples to measure shrinkage deformation when the samples were placed in a brass mould and dried in an oven for 24 hours at a temperature of 105°C. The results are displayed in Table  8 and Figure 7 . As shown in Figures 7 and 8 , a significant reduction in linear shrinkage was observed when the lime was added by 6%. This reduction can be attributed to the chemical reactions between lime and clay [22] . Adding thermally treated clay alone had also caused a positive effect, particularly when added at 20% clay replacement. Its linear shrinkage index was reduced by a half when compared with that of the untreated soil. The lowest strain was attained in the mixture CC20L6, which can be considered as non-problematic [22] .
Microstructural investigation
Three soil 2 samples, i.e. CC0L0, CC20L0 and CC20L6, were prepared and cured for 7 days. Fragments of these samples dried, broken off and washed with acetone were examined and analysed by SEM and EDX techniques. Figures 9-11 show the SEM micrographs and EDX analysis at different locations of the studied samples. As shown in Figure 9 , the natural soil 2 has a discontinuous structure as no hydration products exist. The EDX analysis showed Si and Al as the main elements in the natural clay. However, it is clearly seen from Figures 10 and 11 that the microstructure of the clayey soil was significantly modified when either mixed with thermally treated clay or lime-thermally treated clay and cured for 7 days. It could be observed in Figure 11 that cementing materials such as C-A-S-H were formed. This observation is consistent with that reported by Al-Swaidani et al. [6] and Chaunasli and Peethamparan [23] . This indicated that a pozzolanic reaction had taken place between CaO present in lime and SiO 2 and Al 2 O in the soil and thermally treated clay. Hence, improved properties obtained when adding thermally treated clay and lime could be mainly attributed to these cementing materials.
Conclusion
Effect of adding thermally treated clay to the natural expansive clay soil has been studied. Consistency, compaction, swelling and linear shrinkage have particularly been investigated. Pozzolanic activity of the thermally treated clay has been measured as well. Based re 8. Photograph of soil S3 (some untreated and treated samples). e 9. SEM micrograph and EDX analysis of natural soil 2 cured for 7 days. on the results obtained, the following conclusions can be drawn: 1. PI decreased with increasing thermally treated clay content. 2. Adding thermally treated clay decreased W opt and increased g dmax . 3 . Use of thermally treated clay alone led to a reduction in swelling pressure of the natural clay soil. Further reduction was also observed when the lime was added.
4. A significant reduction in the linear shrinkage strains was noted when 20% thermally treated clay and 6% lime were added together. 5. The thermal treatment at 850°C showed a significant transformation in the studied clay from the crystalline to the amorphous phase. This was confirmed by the modified Chapelle test, where the highest pozzolanic activity was noted in the samples treated at this temperature level. 6. SEM and EDX analysis confirmed that the addition of either thermally treated clay or both thermally treated clay and lime to the investigated clayey soil has caused a marked change in morphology. The results showed presence of C-S-H and C-S-A-H in both additions. These cementitious phases induced significant improvements in the engineering properties of the investigated clayey soil. 7. Thermal treatment of the natural expansive clay soil could be considered as a promising approach. Adding thermally treated clay as partial replacement of clay can improve the geotechnical properties of the natural clay soil and save natural sources. 8. Further study to investigate the effects of adding thermally treated clay on other geotechnical properties of expansive clay soils such as California Bearing Ratio (CBR) and shear strength is highly recommended.
